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During T-cell activation, c-Myb is induced upon interleukin 2 (IL-2) stimulation and is required for correct
proliferation of cells. In this paper, we provide evidence that IL-2-mediated induction of the c-myb gene occurs
via the phosphoinositide 3-kinase (PI3K) signaling pathway, that protein kinase B (PKB) is the principal
transducer of this signal, and that activation of the c-myb promoter can be abolished by deletion of conserved
E2F and NF-kB binding sites. We show that Myb is required to protect activated peripheral T cells from
bcl-2-independent apoptosis and that overexpression of oncogenic v-Myb is antiapoptotic. Overexpression of a
Myb dominant-negative transgene abrogates PKB-mediated protection from apoptosis. Taken together, these
results suggest that induction of c-myb transcription is an important downstream event for PKB-mediated

protection of T cells from programmed cell death.

Interleukin 2 (IL-2) regulates the survival, proliferation, and
differentiation of mature T cells and is responsible for their
progression from G, to S phase following antigenic activation
(17). Studies of the molecules involved in signaling from the
IL-2 receptor (IL-2R) have shown that activation of phospho-
inositide 3-kinase (PI3K) and its downstream effector, protein
kinase B (PKB), appear to be most important for the survival
functions mediated by IL-2 (reviewed in reference 19). Pro-
apoptotic proteins which can be phosphorylated and inhibited
by PKB include BAD (20, 22), human caspase 9 (16), and the
forkhead family of transcription factors (12). PKB can also
cause stimulation of NF-«kB activity by up-regulating IkB deg-
radation via phosphorylation of IkB Kinase and by affecting
NF-kB itself (29, 31, 33, 43, 52), thereby allowing the transcrip-
tion of genes involved in promoting survival, such as the bcl-2
homologue bfl-1 (78). In addition to the forkhead and NF-«B
families, E2F-mediated transcription can also be activated by
the hyperphosphorylation and subsequent inactivation of reti-
noblastoma protein (Rb) in response to signals from PI3K and
its downstream effectors, PKB and p70%° kinase (10, 11, 25).
Recently, overexpression of activated PKB in transgenic mice
has been shown to enhance the resistance of both thymocytes
and T cells to challenges with apoptotic stimuli and to promote
survival following antigenic activation (29).

The transcription factors activated by PI3K and PKB are of
great interest in the IL-2 response, as they regulate the genes
responsible for determining whether activated T cells survive,
proliferate, or die. We have been studying a candidate PI3K-
regulated transcription factor, c-Myb. c-Myb is one of three
mammalian Myb proteins, all of which are transcription factors
implicated in the regulation of proliferation, differentiation,
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and apoptosis (reviewed in reference 42). During T-cell acti-
vation, cell cycle progression in response to IL-2R signaling is
associated with a sixfold induction of c-myb expression, with
the highest levels seen around late G; (57). Both c-Myb and its
DNA binding activity are similarly up-regulated in response to
IL-2 stimulation (77). c-myb is predominantly regulated by an
attenuation block in the first intron of the gene (7, 71), and
IL-2 treatment releases this block, allowing full-length c-myb
mRNA to be transcribed (51). IL-2 mediated release of c-myb
attenuation can be inhibited by rapamycin (51), which inter-
feres with signals downstream of PI3K, suggesting a role for
the PI3K pathway in c-myb regulation.

Myb proteins play an important role at a number of points in
T-cell development. c-myb is absolutely required for early thy-
mopoiesis (1), and it is also required for IL-2-mediated pro-
gression out of G, phase during T-cell activation (24). Trans-
genic expression of oncogenic v-Myb leads to T-cell
lymphomas (5), whereas mice expressing a dominant-negative
Myb (MEnT) during T-cell development suffer a partial block
in early thymopoiesis and have a proliferative defect in more
mature cells (4). Thymocytes and resting splenocytes from
MEnT mice are more susceptible to apoptosis than normal
controls, implying that Myb proteins can act as survival factors
during T-cell development. In the T-cell line EL4, expression
of an inducible version of MEnT causes down-regulation of
bcl-2 and apoptosis (62), and we and others have shown that
the bcl-2 gene is a direct target of v-, c-, and B-Myb (23, 26, 62).
More recently, the link between Myb proteins and apoptosis
has been substantiated in a number of other cell types (for
example, see reference 74).

Given that c-myb lies downstream of IL-2 and that Myb
proteins can protect from cell death, we were interested to
determine the precise means by which IL-2 acts to up-regulate
c-myb, whether this involves signaling via PI3K, and if Myb
proteins can affect the antiapoptotic signal from PI3K. We
show here that the c-myb promoter can be activated by PI3K
and PKB and that this activation requires conserved E2F and
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NF-kB sites. We demonstrate that activation of the endoge-
nous c-myb gene in response to IL-2 stimulation can be
blocked by chemical inhibitors of PI3K and NF-kB. Blocking
Myb function in activated T cells results in a fivefold increase
in apoptosis which cannot be rescued by bcl-2, while overex-
pressing v-Myb can protect activated cells from death. When
MERnT transgenic mice are crossed to transgenic animals ex-
pressing activated PKB, the survival advantage conferred by
the activated PKB during T-cell activation is abolished. These
data show that maintenance of c-myb expression is dependent
on signals from PI3K and define c-Myb as an important down-
stream effector of the PKB survival signal.

MATERIALS AND METHODS

IL-2 signaling experiments. Spleens were disaggregated and single-cell sus-
pensions were cultured at 1 X 10° cells/ml in 10% CO,. Activation medium was
Dulbecco’s modified Eagle’s medium (Gibco) with 5% heat-inactivated fetal calf
serum (Gibco), 2 mM L-glutamine, 1 mM sodium pyruvate (Gibco), 1 mM
nonessential amino acids (Gibco), 20 ng of monothioglycerol (Sigma) per ml, and
1.25 pg of concanavalin A (ConA) (Sigma) per ml. After 72 h a sample of cells
was analyzed by flow cytometry following staining with antibodies against T-cell
receptor (TCR) B chain (phycoerythrin conjugated, clone H57-597; Pharmingen)
and CD25 (fluorescein isothiocyanate [FITC] conjugated, clone 7D4; Pharmin-
gen) and 7-amino-actinomycin D (7-AAD) (Sigma) to check activation and
proliferation of cultures, and an RNA sample was taken. The remaining cells
were washed twice in Dulbecco’s modified Eagle’s medium and then starved of
ConA for 16 h. The cells were then treated with inhibitors for 1 h prior to
restimulation and continuously thereafter with 10 ng of recombinant human IL-2
(AMS Biotechnology) per ml, and RNA samples were taken using RNAzol B
(Biogenesis Ltd) at the times indicated in the figures. B6.1 cells were cultured as
described in reference 55, with 10 ng of recombinant human IL-2/ml. For induc-
tion experiments, subconfluent cells were starved for 16 h in medium lacking
IL-2. Cells were then treated with inhibitors for 1 h prior to IL-2 treatment and
continuously thereafter. RNA was harvested at the times indicated in the figures.
The following inhibitors were used: 50 .M LY294002 (Biomol), 50 uM PD98059
(New England Biolabs), and 25 uM pyrrolidine dithiocarbamate (PDTC) (Sig-
ma). c-myb, c-jun, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA levels were monitored in RNase protection assays (see below).

Western blotting. Spleens were disaggregated and cultured as described above.
After 48 h, some cells were harvested (activated population), and the remainder
were starved of ConA for 24 h and either harvested immediately (starved pop-
ulation) or following stimulation with 10 ng of human IL-2/ml for 5 h (IL-2
population). Cells were washed twice with phosphate-buffered saline (PBS);
harvested in 200 pl of lysis buffer (10 mM Tris-HCI [pH 7.4], 20% glycerol, 0.2
mM EDTA, 300 mM NaCl, 25 mM KCI, 5 pg of leupeptin/ml, 5 ng of pepstatin/
ml, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol) on ice for 30
min. The lysate was centrifuged for 10 min at 17,900 X g at 4°C. Supernatants
were stored at —80°C. A total of 60 g of total protein from each sample was run
in a sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis and blotted
onto polyvinylidene difluoride membrane, pretreated with TBST (TBS contain-
ing 0.1% Tween 20) and 5% dry milk, and incubated for 1 h at room temperature
(RT). Mouse monoclonal anti-c-myb (clone 1-1; Upstate Biotechnology) was
used at 1 pg/ml. After the washes, goat anti-mouse immunoglobulin G (IgG)-
horseradish peroxidase (Amersham) was used in TBST and 5% dry milk and
incubated for 1 h at RT. Subsequent washes were done with TBST. The proteins
were then visualized using an ECL kit (Amersham). Rabbit anti-mouse PKB
(clone 9916; New England Biolabs) with anti-rabbit IgG-horseradish peroxidase
as secondary antibody was used to visualize PKB as a loading control.

Transient transfections. NIH 3T3 cells were transfected using Lipofectamine
(Gibco) as described in reference 62, except that a total of 2 wg of DNA was
used. RNA was harvested after 72 h using RNAzol B (Biogenesis Ltd). All
experiments were done a minimum of five times and representative data are
shown.

RNase protection assays. Probes were produced by in vitro transcription using
T7 or SP6 RNA polymerases (Promega) and [a->*P] riboUTP (Amersham).
Samples were digested with 5 U of RNase ONE (Promega) and prepared for
electrophoresis according to the manufacturer’s instructions. Details of probe
construction are available upon request. The c-myb probe is full length, 350 bp,
and protects 254-bp; the c-jun probe is full length, 330 bp, and protects 180-bp;
the GAPDH probe (Pharmingen) is full length, 125 bp, and protects 97 bp; the
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c-myb-BG reporter probe is full-length, 355 bp, and protects 315 bp; and the
c-myb-aG reporter probe is full length, 105 bp, and protects 96 bp.

Constructs. Expression vectors were as follows: the activated PI3K construct is
rCD2p110 (49); activated PKB is gagPKB (13); kinase-dead dominant-negative
PKB is HA-Akt(K179A) (32); RasV12, RasV12S35, and RasV12C40 are de-
scribed elsewhere (30); and RasV12A38 is described in reference 50. E2F1 and
E1A vectors were gifts of X. Lu and S. Mittnacht, respectively, and the IkBa
vector was a gift of R. Hay. The c-myb-BG reporter construct was made by
excision of a 2.3-kb EcoRI/Ncol fragment of murine c-myb genomic DNA (from
the ATG start site [+1] to —2.3 kb) from plasmid PKR4A-R3 (72). Following
end-repair of the EcoRI site, this fragment was cloned into Smal/Ncol-digested
pB128 (73). The Ncol religation regenerates the ATG start codon in the same
position as that of the human BG gene contained in pp128. This reporter was
mutagenized using the Sculptor in vitro mutagenesis kit from Amersham Phar-
macia Biotech. All mutants were sequenced. Oligonucleotides used for mutagen-
esis were as follows, with base changes shown in bold type: E2F, GGACACTC
CCCCTCCATACAAATCTGGCGCCCCTGC; NF-kB, GAGGTTTGGACAC
TGAGCCTCCCGCCAAATC; and GAL4, GGACACTCCCCCTCCTACTGTC
CTCCGAGCGGAGTCTGGCGCCCCTGCAGTGC. The c-myb-aG reporter
contains a 6.6-kb EcoRI/Spel fragment from plasmid PKR4A-R3 carrying the
same 2.3-kb upstream sequence as c-myb-BG, followed by the 5’ end of the c-myb
gene and ending at a Spel site 185 bp from the 3’ end of intron 1. This fragment
was ligated into pSKII (Stratagene) along with a 700-bp Smal/PstI fragment from
the human «-globin gene containing plasmid HPa2 (17), which carries the 3’ end
of the gene, beginning at the Smal site (+120) within intron 1. Full details of
plasmid construction are available on request.

Bandshifts. Nuclear extracts from activated splenocytes cultured for 3 days
with ConA were made exactly as described previously (6). Extracts were used at
a concentration of 3.5 wg/ul. Jurkat plus TPA plus CI extract was purchased from
Geneka Biotechnology Inc. and was used at a concentration of 5 wg/pl. In vitro
translation was carried out using the TnT system (Promega). E2F and DP1
plasmid templates were a gift of N. Jones. E2F bandshifts were carried out as
described previously (6). A total of 10 pg of nuclear extract or 3 pl of in
vitro-translated protein was incubated with 1 ng of radiolabeled probe for 30 min
at RT. Complexes were resolved on a 5% nondenaturing polyacrylamide gel
(14:1 acrylamide:bisacrylamide) in 0.5X TBE. NF-kB bandshifts were carried out
as described elsewhere (34). Ten micrograms of nuclear extract or 7 ng of
purified p50 and p65, or a total of 14 ng of p50 plus p65 (2) was incubated with
1 ng of radiolabeled probe for 20 min at RT. Purified IkBa (gift of R. Hay) was
added to some reaction mixtures at the indicated concentrations. Gel conditions
were as for E2F. Rabbit polyclonal antibodies against p50 and p65 were gifts of
R. Hay, and the anti-c-rel rabbit polyclonal antibody was a gift of S. Goodbourn.
Antibodies against p52 and RelB were purchased from Santa Cruz Biotechnol-
ogy. All antibodies were added 20 min before the labeled probe. Probes were
annealed, end repaired with [a-*?P]dCTP (Amersham) and avian myeloblastosis
virus reverse transcriptase (Pharmacia), and purified on MicroSpin G25 columns
(Pharmacia) prior to use. Oligonucleotide sequences were as follows (with base
changes in bold type and binding consensus sequences for the E2F and NF-xB
transcription factors underlined): wild-type E2F oligonucleotide, 5" GGGAGG
GGCGCCAGATTTGGCGGGAGGGGGAGT 3'; mutant E2F oligonucleotide
5" GGGAGGGGCGCCAGATTTGTATGGAGGGGGAGT 3'; wild-type
NF-«kB oligonucleotide, 5" GGGGGAGTGTCCAAACC 3'; and mutant NF-kB
oligonucleotide, 5" GGGGGTGTGTGGTAAACC 3'.

Survival assays. The vMyb4 transgenic mice are described in (5), the MEnT
mice in (4), and the Ep-bcl-2-25 mice in (59). All these lines are on a C57B10
background. The gag-PKB transgenic line B6/PKB is described in (29), and is on
a C57BL6 background. Mice were between 5 and 10 weeks of age when sacri-
ficed. Following disaggregation, splenocytes were cultured for 3 days in conA.
For all experiments, cells were stained with allophyocyanin-conjugated anti-
TCR-B (Pharmingen) and phycoerythrin-conjugated anti-CD25 (Pharmingen).
For detection of intracellular bcl-2 levels, cells were then washed in PBS and
permeabilized in PBS-0.03% saponin-0.1% sodium azide. Cells were then
stained with 20 pl of FITC-conjugated anti-mouse bcl-2 (clone 3F11; Pharmin-
gen) or with 20 pl of FITC-conjugated IgG1 control antibody (Pharmingen) for
30 min. After washing, they were analyzed on a Becton Dickinson FACScalibur
flow cytometer using Cellquest software. For detection of apoptosis, cells stained
as above for TCR-B and CD25 were washed in PBS and resuspended in 500 .l
of annexin V binding buffer (Nexins Research), 0.5 wl of annexin- V-FITC
Conjugate (250 mg/ml stock; Nexins Research), and 0.5 pl of 7-AAD (1 mg/ml
stock) for 15 min on ice prior to flow cytometry. All mouse experiments were
done at least three times.
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RESULTS

The c-myb gene lies downstream of PI3K in the IL-2 re-
sponse. Human thymic blast cells induce c-myb in response to
IL-2 stimulation, and this induction can be prevented by rapa-
mycin (51). As rapamycin is an indirect inhibitor of p705°
kinase (p705°%), which lies downstream of PI3K, we sought to
determine whether the PI3K pathway was required for IL-2
induction of c-myb mRNA during the process of T-cell activa-
tion.

To simulate antigen activation of T cells in tissue culture,
splenic T cells were isolated and treated with ConA. This
treatment cross-links the TCR, resulting in expression of IL-2
and the high-affinity aBy-IL-2R and progression into the cell
cycle. T cells were activated and allowed to proliferate for 3
days and then were arrested in G, by overnight incubation in
medium devoid of IL-2. Following this synchronization, an
average of 89% of cells were in G,/G,, (data not shown). Then,
IL-2 was added to the medium, and cells were assessed for
progression into the cell cycle and expression of c-myb in the
presence and absence of various inhibitors of downstream IL-2
signaling pathways. After 18 h of IL-2 treatment in the absence
of inhibitors, the percentage of cells in S, G,, and M phases
had increased to 27% (data not shown). RNase protection
assays showed that c-myb was induced 3.5-fold on average
(three experiments) by 4 h after IL-2 treatment and that ex-
pression was maintained up to 24 h later (Fig. 1A, compare the
first lane with the next four). Western blotting of starved and
IL-2-stimulated extracts demonstrated that c-Myb protein was
also induced after 5 h of IL-2 treatment, in comparison to
PKB, whose levels are known to remain constant (29) (Fig. 1B)
These data are in good agreement with those reported previ-
ously (45, 57, 77). However, when the PI3K inhibitor
LY294002 was added to the culture, c-myb expression was not
induced (Fig. 1A, IL-2 + LY), showing that during T-cell
activation IL-2-mediated activation of c-myb expression is de-
pendent upon signaling via the PI3K pathway. In contrast,
c-myb was expressed normally if IL-2-stimulated cultures were
treated with the MEK inhibitor PD98059 (Fig. 1A, IL-2 +
PD), indicating that the MAP kinase pathway is not involved in
regulation of c-myb. We wished to explore the induction of
c-myb in more detail, and for this we turned to the cytotoxic
T-cell line B6.1 (55). In contrast to primary T cells, B6.1 cells
are a homogeneous population and are less susceptible to
apoptosis in the absence of IL-2. They can be more efficiently
arrested if starved of IL-2 for 16 h (an average of 93.2% of cells
are in G/G,; data not shown), and they will then proliferate in
response to IL-2 addition. Furthermore, c-myb expression is
correctly regulated during the IL-2 response (21). The upper
panel of Fig. 1C shows that B6.1 cells growing exponentially
contain c-myb mRNA, and this was greatly reduced upon IL-2
starvation (compare first two lanes). When IL-2 was added
back, c-myb was reexpressed within 3 h (Fig. 1C, lane 3), and
its induction was inhibited by LY294002 (Fig. 1C, compare
third and fourth lanes) and unaffected by the MEK inhibitor
PD98059 (44) (Fig. 1C, fifth lane). In contrast to c-myb, tran-
scription of c-jun was almost completely inhibited by PD98059
and only slightly inhibited by LY294002 (Fig. 1C, right panel).

NF-«kB transcription factors are induced during T-cell acti-
vation by both TCR signaling (reviewed in reference 15) and
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FIG. 1. c-myb is activated by PI3K following IL-2 stimulation. T
cells were starved for 16 h and stimulated with 10 ng of IL-2/ml in the
presence or absence of various inhibitors. After the times indicated (in
hours), total RNA was obtained from cells and c-myb, c-jun, and
GAPDH expression was analyzed in RNase protection assays. (A)
ConA-activated splenocytes were starved and stimulated with IL-2 =
50 uM LY294002 or 50 uM PD98059. (B) ConA-activated splenocytes
were starved and then stimulated with IL-2 for 5 h. Extracts were
blotted and probed with anti-c-Myb antibody (upper lanes) or anti-
PKB antibody as a loading control (lower lanes). (C) B6.1 cells were
starved and stimulated with IL-2 = 50 pM LY294002 or 50 pM
PD98059. (D) B6.1 cells were starved and stimulated with IL-2 + 25
uM PDTC.

perhaps by IL-2R activation (3; but see reference 28), and they
have recently been shown to be activated in response to PI3K
signaling (29, 31, 33, 43, 52). The c-myb promoter contains a
well-conserved NF-«kB binding site (see below), so we investi-
gated whether PDTC, an inhibitor of NF-kB DNA binding
(54), could also prevent IL-2 stimulation of c-myb in B6.1 cells.
Figure 1D demonstrates that PDTC severely affected the IL-2
signal to c-myb but that it could not affect induction of c-jun,
which is not regulated by NF-«kB factors. Taken together, these
data show that IL-2-stimulated transcription of the c-myb gene
requires activation of PI3K and the presence of NF-«kB tran-
scription factors.

PI3K regulates the c-myb promoter. Expression of c-myb is
regulated at the levels of both transcription initiation and at-
tenuation in the first intron (7, 71, 72). It is known that IL-2
signaling leads to an increase in c-myb transcription and re-
lease of attenuation, but how this might happen is unclear (51).
The polymerase-pausing mechanism by which attenuation oc-
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FIG. 2. The c-myb promoter is activated by PI3K and PKB. (A)
Schematic of the murine c-myb promoter. E2F and NF-«B sites are
underlined and shown in bold, and the putative SP1 site is overlined.
(B) NIH 3T3 cells were transfected with the c-myb-BG reporter either
alone or in concert with effector plasmids encoding activated PI3K,
activated PKB, or dominant-negative PKB. Transcription from
c-myb-BG and endogenous GAPDH was analyzed in RNase protection
assays. (C) NIH 3T3 cells were transfected with c-myb-BG either alone
or with the Ras effector mutants shown (see text). RNA analysis was as
described above. (D) NIH 3T3 cells were transfected with c-myb-aG
either alone or together with effector plasmids encoding activated
PI3K or activated PKB.

curs has been proposed to be a function of the interactions that
RNA polymerase makes with transcription factors at the pro-
moter (76). A more processive polymerase can be generated
when transcription factors such as E2F or p53 are present;
other activators such as Spl, although able to increase initia-
tion, have no effect on elongation (9). Therefore, given the
importance of the promoter as a regulator of both initiation
and elongation, we chose to analyze the c-myb promoter in
detail.

The c-myb promoter contains a region of 119 bp (—304 to
—185) which is conserved between humans, mice, and chickens
(66) and is therefore likely to contain regulatory sequences of
importance. Within this region (Fig. 2A), there is a putative
NF-«kB site (=266 to —256) and an E2F site (—278 to —271).
To examine whether the c-myb promoter could respond to
PI3K signals, we made a reporter construct in which 2.3 kb of
the murine c-myb upstream sequence, including the 119-bp
conserved region, was linked to the human p-globin gene. This
construct (c-myb-BG) was transfected into NIH 3T3 cells ei-

MoL. CELL. BIOL.

ther alone or together with the effector plasmids detailed be-
low. Seventy-two hours after transfection, RNA was harvested
and hybridized in RNase protection assays to probes recogniz-
ing the BG sequences or, as an internal control, endogenous
GAPDH.

In the first set of experiments, we tested whether the c-myb
promoter could be activated by PI3K or its downstream effec-
tor kinase, PKB. We cotransfected c-myb-fG into NIH 3T3
cells in the presence or absence of plasmids encoding either
activated PI3K (49) or activated (13) or dominant-negative
(32) PKB. Both activated PI3K and PKB reproducibly up-
regulated c-myb-BG to levels about fourfold over baseline (Fig.
2B, lanes 1 to 5). Dominant-negative PKB completely inhibited
activation by PI3K (Fig. 2B, compare lanes 5 and 6), implying
that it is the major downstream component of the PI3K signal
to the c-myb promoter.

In a complementary approach, we also tested the ability of
c-myb-BG to respond to plasmids encoding effector mutants of
the Ras oncoprotein. RasV12 is an activated oncogenic form of
Ras (75) and can stimulate multiple pathways, including the
Raf/mitogen-activated protein (MAP) kinase pathway and the
PI3K pathway. RasV12C40 can switch on PI3K but not Raf
(30), whilst RasV12S35 activates Raf but not PI3K (50). Fi-
nally, RasV12A38 is inactive (50). As shown in Fig. 2C, onco-
genic RasV12 strongly activated the c-myb promoter (lane 4),
as did the PI3K effector RasV12C40 (lane 3). The Raf effector
RasV12S35 could not stimulate the promoter above baseline
levels (lane 2), and the inactive RasV12A38 mutant appeared
to repress even baseline promoter activity (lane 5). Therefore,
our transient-transfection data confirm that the c-myb pro-
moter, and hence initiation of transcription of c-myb, is respon-
sive to the PI3K pathway but not to activation of the Raf/MAP
kinase cascade.

To examine whether attenuation of c-myb transcription
could be relieved by PI3K signaling, we constructed a second
reporter plasmid, c-myb-aG, which contains the —2.3-kb re-
gion of the c-myb promoter followed by the 5" end of the c-myb
gene, extending through exon 1 into intron 1 beyond the at-
tenuation region. This was fused to the 3’ end of the human
a-globin gene, from midway through intron 1 to the poly(A)
site (17). This reporter should generate a hybrid c-myb-aG
mRNA which is susceptible to regulation by attenuation in its
first intron. Baseline levels of hybrid mRNA were detected
when the reporter alone was transfected into NIH 3T3 cells,
but cotransfection of either activated PI3K or activated PKB
led to production of reporter mRNA (Fig. 2D, compare lane 1
with lanes 2 and 3), implying that attenuation was being re-
lieved. To prove definitively that PI3K and PKB were relieving
attenuation, we attempted to perform runoff analyses in NTH
3T3 cells transiently transfected with the reporter and effector
plasmids, but unfortunately these experiments proved to be
technically unfeasible.

Conserved E2F and NF-kB sites are important for c-myb
promoter activity. In order to define which region(s) of the
c-myb promoter transduced the PI3K signal, we first had to
find which transcription factors were required for promoter
activity. We decided to analyze the conserved E2F and NF-xB
sites in the promoter (Fig. 2A). To determine whether E2F and
NF-kB factors could bind to these sites, we performed band-
shifts with proteins made in vitro and also with activated T-cell
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FIG. 3. E2F and NF-«B proteins bind to the c-myb promoter. (A)
Bandshifts with an E2F probe from the c-myb promoter or a mutant
thereof. Lanes 1 and 2, in vitro-translated E2F1 and DP1; lanes 3 and
4, activated T-cell extracts. (B) Bandshifts with an NF-kB probe from
the c-myb promoter. Purified NF-«B proteins and IkBa were added as
detailed in Materials and Methods. (C) Bandshifts with the c-myb
NF-«B probe and activated T-cell extracts. Unlabeled competitor oli-
gonucleotides and antibodies were added as shown.

nuclear extracts. Figure 3A shows that an oligonucleotide car-
rying the E2F site from the c-myb promoter bound in vitro-
translated E2F1/DP1 (lane 1) and also a number of species in
activated T-cell extracts (lane 3) which could be competed
away with an excess of unlabeled wild-type oligonucleotide
(lane 4). E2F1/DP1 could not bind to the site when it was
mutated to the sequence that was shown in transient-transfec-
tion assays to severely reduce promoter activity (lane 2). Sim-
ilar analysis of the NF-«B site demonstrated that purified p65
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but not p50 protein could bind to the site (Fig. 3B, lanes 2 and
3). In addition to binding p65 homodimers, when equimolar
amounts of p65 and p50 were added together the NF-«kB site
could bind a heterodimeric complex (Fig. 3B, lane 4), which
could be supershifted by addition of an anti-p65 antibody (data
not shown) and also an anti-p50 antibody (Fig. 3B, lane 1).
Binding activity was reduced to nil upon addition of increasing
amounts of purified IkBa (Fig. 3B, lanes 5, 6, and 7; 1, 5, and
10 ng, respectively), which is known to interfere with site rec-
ognition by NF-«B factors (2). In activated T-cell extracts, the
NF-kB site recognized two bands (Fig. 3C, lane 1), the lower of
which was nonspecific. The slower-migrating specific band
could be efficiently competed with excess unlabeled wild-type
oligonucleotide (lane 2) but only slightly by an excess of an
unlabeled oligonucleotide in which the NF-«kB site had been
mutated (lane 3). Addition of both anti-p50 and anti-c-Rel
antibodies supershifted small amounts of bound complex
(lanes 5 and 9). Both the primary complex and these super-
shifted bands were dependent on the presence of nuclear ex-
tract (data not shown). Preimmune serum (lane 4) or antibod-
ies against the NF-«kB family members p65, p52, and RelB had
no effect on complex mobility (lanes 6 to 8). Therefore, the
E2F and NF-kB sites are able to bind their cognate proteins,
both in vitro and in activated T-cell extracts.

Having established that the E2F and NF-kB sites were gen-
uine, we looked at their functional significance. To analyze the
E2F site, we cotransfected the c-myb-BG reporter construct
into NIH 3T3 cells together with effector plasmids encoding
E2F1 or E1A. Transcription from c-myb-BG was enhanced
between 4- and 20-fold (in 10 separate experiments) by expres-
sion of either E2F1 (Fig. 4A, compare lanes 1 and 2) or E1A
(Fig. 4A, compare lanes 3 and 4). Mutation of the E2F site in
c-myb-BG resulted in the promoter being severely inhibited
(Fig. 4B, compare lanes 1 and 2). Therefore, addition of extra
E2F1, or E1A-mediated release of the cells’ own supplies of
E2F factors, results in the c-myb promoter being activated, and
the conserved E2F site is needed for proper function of the
promoter.

To determine whether the c-myb promoter requires the con-
served NF-kB site for activity, we mutated the site in c-myb-BG
and tested the mutant promoter in transient-transfection as-
says. Loss of the NF-kB site resulted in a 50% reduction in
promoter activity (Fig. 4B, compare lanes 1 and 3). A promoter
carrying a double mutation of both the E2F and NF-«B sites
was almost completely nonfunctional (Fig. 4B, lane 4), illus-
trating the importance of both of these sites. In summary then,
the conserved E2F and NF-«B sites in the c-myb promoter can
dictate whether the 2.3 kb of the c-myb upstream sequence
included in our reporter construct is transcriptionally active.

PI3K and PKB require the E2F and NF-kB sites to activate
the c-myb promoter. Having shown that the E2F and NF-«B
sites are essential components of the c-myb promoter, we
wished to see whether they were also required for PI3K acti-
vation of c-myb transcription. As the E2F site is required for
basal promoter activity, we were unable simply to delete it and
assay the promoter for PI3K-mediated activation. Therefore,
we replaced it with a site for GAL4 in our c-myb-BG reporter
construct to make c-myb-GAL4-BG. c-myb-GAL4-BG has lit-
tle or no activity except when GAL4 is present to support
transcription (Fig. 4C, compare lanes 1 and 2). We assayed
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FIG. 4. The E2F and NF-«B sites are required for basal and PI3K-
activated transcription from the c-myb promoter. Transfections into
NIH 3T3 cells and RNase protection analyses were performed as
described above. (A) Cotransfection of c-myb-B8G and E1A or E2F
expression vectors results in up-regulation of c-myb-BG. (B) Individual
or double mutation of the E2F and NF-«B sites results in loss of
activity of the c-myb-BG reporter. (C) Lanes 1 to 3, mutation of the
E2F site to a GALA4 site causes loss of PI3K responsiveness. Lanes 4 to
6, mutation of the E2F site to a GAL4 site and inhibition of NF-«xB
activity causes complete loss of PI3K inducibility.

c-myb-GALA4-BG for its responsiveness to PI3K signals and
found that it could not be appreciably superactivated by co-
transfection of activated PI3K with GAL4 (lane 3). We did
observe that the baseline activity of c-myb-GALA4-BG could still
be augmented by activated PI3K (compare lanes 4 and 5),
indicating that some PI3K responsiveness had been retained.
However, this responsiveness was abolished if c-myb-
GALA4-BG was cotransfected with activated PI3K in the pres-
ence of IkBa, which sequesters and inactivates NF-«B family
members (lane 6). Taken together, these data suggest that the
c-myb promoter responds to a PI3K signal which is transduced
via PKB and that full promoter activation requires the pres-
ence of the conserved E2F and NF-kB sites.

Myb proteins protect activated T cells from death. PKB is an
important survival kinase, and it has been shown to protect
against cell death in a number of circumstances, including
following T-cell activation; Myb proteins are also antiapoptotic
(see the introduction). To determine whether c-Myb is a down-
stream effector of PKB-mediated survival following IL-2 sig-
naling, we decided to explore the survival function of c-Myb in
activated T cells by using two lines of transgenic mice, vMyb4
and MEnT. vMyb4 animals express the v-Myb oncoprotein in
their T cells and develop lymphomas with a latency of over a
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FIG. 5. Myb is a survival factor during T-cell activation. Spleno-
cytes were activated with ConA and assessed for bcl-2 levels and
apoptosis as described in the text. Activated T cells were gated for
expression of aBTCR and CD25. (A) Activated MEnT splenocytes
have reduced bcl-2 expression. Peak 1, ConA-stimulated MEnT
splenocytes; peak 2, ConA-stimulated nontransgenic splenocytes. (B)
Left panel: MEnT causes enhanced apoptosis during T-cell activation.
Right panel: v-Myb protects activated cells from apoptosis. The per-
centages of dead and dying cells in the cultures were quantitated by
annexin V and 7-AAD staining. Error bars indicate the standard de-
viation from the mean of at least three separate experiments.

year (5), and MEnT transgenic mice express a dominant inter-
fering Myb protein, also in a T-cell-specific fashion (4). MEnT
consists of the Myb DNA binding domain fused to the Dro-
sophila Engrailed repressor domain, and it efficiently and spe-
cifically represses Myb target genes (4, 56). Previously, our
laboratory has shown that the thymocytes and resting spleno-
cytes of MEnT mice have enhanced susceptibility to apoptosis
and that this phenotype can be partially rescued by overexpres-
sion of bcl-2 (62).

To see whether Myb proteins affect apoptosis following T-
cell activation and induction of the IL-2 signaling cascade,
splenocytes from MEnT and vMyb4 transgenic animals, to-
gether with nontransgenic controls, were isolated and activated
by 3 days of ConA treatment. Cells were then harvested and
analyzed by flow cytometry. Activated T cells were identified
by their expression of afTCR and CD25, the IL-2Ra chain.
First, we determined whether expression of the Myb target
gene bcl-2, which is normally upregulated from very low levels
during T-cell activation (69), was affected in MEnT mice. Fig-
ure 5A shows bcl-2 protein levels in activated T cells and
demonstrates that there is little or no expression in MEnT cells
(peak 1), relative to nontransgenic controls (peak 2). We then
assessed the amount of cell death occurring following T-cell
activation by annexin V and 7-AAD staining of ofTCR™
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FIG. 6. Myb lies downstream of PKB. Splenocytes from 5-week-old
littermates derived from a MEnT X B6/PKB cross were activated with
ConA for 2 days. Activated T cells were gated for expression of
apfTCR and CD25 and assessed for apoptosis by staining with annexin
V-FITC and 7-AAD.

4

CD25" cells. MEnT T cells were far more susceptible to death
than nontransgenic controls; an average of 57% of MEnT cells
had died, in contrast to 11% of nontransgenic cells (Fig. 5B,
left panel). Conversely, expression of v-myb was antiapoptotic
in activated T cells. Only around 5% of cells were dead in
v-Myb4 transgenics, in contrast to 12% of nontransgenic con-
trol cells (Fig. 5B, right panel).

One of the characteristics of death following T-cell activa-
tion is that it cannot be rescued by overexpression of bcl-2 (58).
Activated T cells from MEnT mice crossed to the Ep-bcl-2-25
strain (59), and therefore doubly transgenic for MEnT and
bcl-2, were examined for apoptosis. bcl-2 overexpression could
not rescue the MEnT phenotype, either following ConA acti-
vation (Fig. 5B, left panel) or if cells were activated with anti-
CD3 (data not shown). Therefore, Myb proteins must be able
to influence a form of apoptosis refractory to the protective
effects of bcl-2.

To directly determine whether loss of c-Myb activity could
affect PKB-mediated survival in activated T cells, we obtained
transgenic mice expressing activated PKB (B6/PKB) in their T
cells (29). These mice exhibit enhanced survival of mature T
cells. We crossed B6/PKB animals with MEnT mice to gener-
ate MEnT/PKB double transgenic offspring and then examined
the survival of MEnT/PKB splenocytes compared to littermate
controls following ConA activation. After 2 days in culture, the
apoptotic susceptibility of activated T cells (again identified by
their expression of aBTCR and CD25) was determined by
staining with annexin V-FITC and 7-AAD as described above.
A representative experiment is shown in Fig. 6. The numbers
of dead splenocytes are increased in all cases relative to our
previous results, probably due to a background-specific varia-
tion in survival in culture (K. Weston, unpublished observa-
tions). Forty-nine percent of nontransgenic activated spleno-
cytes did not stain with either annexin V-FITC or 7-AAD and
were therefore still alive. As expected, the activated B6/PKB
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splenocytes survived far better than did the nontransgenic con-
trol cells, with 70% still alive. In contrast, only 28% of MEnT
activated splenocytes were still surviving. Crucially, the MEnT/
PKB splenocyte cultures contained 32% activated live cells and
therefore resembled the MEnT cultures. Therefore, Myb ac-
tivity is required for PKB to act as a survival factor during
T-cell activation.

DISCUSSION

The three principal means by which the IL-2R transmits
signals into the cell are the Ras/MAP kinase, the PI3K, and the
JAK-STAT pathways (for a review, see reference 39). Using a
combination of Ras effector mutants, small molecule inhibi-
tors, and activated and dominant-negative proteins, we have
demonstrated that the c-myb gene is not regulated by MAP
kinases but only by components of the PI3K pathway. The
PI3K signal to c-myb appears to require PKB, as dominant-
negative PKB can almost completely block the effects of acti-
vated PI3K on c-myb promoter activity. Although we have not
directly examined the JAK-STAT pathway, we do not think
that it plays a significant part in control of c-myb transcription,
as the c-myb promoter does not contain any STAT binding
sites and the two crucial regulators of the promoter are mem-
bers of the E2F and NF-kB families, which do not require the
JAK-STAT pathway for their expression during T-cell activa-
tion (10, 63).

Our transient-transfection experiments strongly suggest that
the principal transcription factor responsible for transmitting
the activating PI3K-PKB signal to the c-myb gene is a member
of the E2F family and that NF-kB is necessary but not suffi-
cient for full promoter activity. This fits well with recent re-
ports that both these families can indeed be regulated by PI3K
and PKB (10, 11, 29, 31, 33, 43, 52). However, whilst it is likely
that E2F activity is induced concomitant with IL-2-mediated
progression into G, and S phase, NF-kB family members are
induced immediately upon stimulation of a resting T cell (re-
viewed in reference 15), and regulation of NF-kB by IL-2 is a
matter of dispute (3, 28). In our system, NF-«B binding activity
is present in nuclear extracts made from B6.1 cells starved of
IL-2 (K. Weston, unpublished observations), suggesting that
regulation by IL-2 is not essential. Taken together, these data
suggest that E2F induction is the most likely means by which
IL-2 stimulates c-myb transcription, with NF-kB proteins act-
ing to boost levels of c-myb mRNA once E2F binds the pro-
moter.

The c-myb gene is regulated in T cells by a combination of
transcriptional activation and release of attenuation (51, 64).
Previously, IL-2 has been shown to regulate both these pro-
cesses (51), and PI3K is clearly required for at least activation,
as no c-myb transcript is produced when the PI3K inhibitor
LY294002 is added during IL-2 stimulation of T cells. Our
transient-transfection experiments do not demonstrate directly
that PI3K can affect both promoter-mediated up-regulation of
initiation and elongation, although we did show that a reporter
construct bearing the c-myb attenuation sequence is switched
on by both activated PI3K and PKB. Equally, we have not
directly addressed the question of whether E2F and NF-«B
affect attenuation. Runoff experiments in primary T cells in
which E2F and NF-kB have been inhibited are necessary to
prove this point unambiguously. However, as E2F, through
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which much of the PI3K signal to the c-myb promoter is trans-
mitted, is known to promote both initiation and elongation (9)
and NF-«kB factors may do the same (8), we feel that the
promoter is likely to be the principal determinant dictating the
degree of elongation occurring.

Although a number of proteins, including c-Myb itself (27,
41), an inducible factor termed CMAT (46), and c-Jun (40),
have been suggested as regulators of the human c-myb pro-
moter, their significance is unclear, as none of the sites mapped
are conserved between species and their functional relevance
has not been established. In contrast, the conserved E2F site in
the c-myb promoter has been recognized for some time (36),
and E2F has been shown by others to be important for c-myb
promoter activity (37, 53). Recently, a detailed analysis of the
E2F element showed that a number of E2F family members
bind the site and that SP1 can cooperate with E2F to augment
transcriptional activation (14). Our data regarding the E2F site
are in good agreement with these published studies. NF-kB
proteins have previously been proposed to bind to sites within
c-myb intron 1, but it is unclear whether or how this affects
endogenous c-myb transcription, as studies have given conflict-
ing results, suggesting either enhancement (60) or inhibition
(65) of elongation. Although we do not discount the possibility
that NF-«kB binds other sites, our results point to a prominent
role for the conserved NF-«kB site that we have identified in
regulation of the c-myb promoter.

In this paper, we have extended our previous results impli-
cating Myb proteins as survival factors, and we have also
placed c-Myb downstream of PKB, which is an important sur-
vival kinase in T lymphocytes (29) and many other cell types
(reviewed in reference 19). We would like to suggest that the
process of activation-induced cell death (AICD) is being exac-
erbated by MEnT and inhibited by v-Myb. AICD occurs after
repeated stimulation of the TCR complex, is enhanced by IL-2
(48), and can be triggered in vitro by treatment of activated T
cells with anti-CD3 antibody or ConA (67, 68). We show here
that loss of Myb function sensitizes activated T cells to apo-
ptosis under in vitro conditions which are likely to be causing
some degree of AICD. Furthermore, AICD appears to kill T
cells by a bcl-2-independent mechanism (47, 58), a feature of
MEnT-induced apoptosis. As AICD is mediated predomi-
nantly by the Fas pathway, and Fas killing occurs in the ab-
sence of transcription (38), we propose that Myb proteins,
rather than acting after the triggering of AICD, transcription-
ally up-regulate protective factors which result in cells being
more resistant to AICD. Thus, immediately after T cells are
activated, Myb factors would play an important part in allow-
ing T-cell expansion rather than AICD to occur. Later on
during the immune response, c-myb is down-regulated (18),
and therefore cells would be more susceptible to AICD. In-
triguingly, in Ipr/lpr and gld/gld mice, in which Fas and its
receptor, respectively, are defective (61, 70), c-myb is expressed
at extremely high levels in peripheral T cells (35), suggesting a
complex regulatory relationship between c-myb and the Fas
pathway. To shed light on this, we are currently attempting to
identify the key Myb-regulated genes involved.
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